Abstract
populations. The simplest way to infer fitness from growth curves is to estimate the 36 growth rate during the exponential growth phase by inferring the slope of the log of 37 the growth curve 1 (see example in Figure 1 ). Indeed, the growth rate is often used as a 38 proxy of the selection coefficient, s, which is the standard measure of relative fitness 39 in population genetics 2, 3 . However, exponential growth rates do not capture the 40 dynamics of other phases of a typical growth curve, such as the length of lag phase 41 and the cell density at stationary phase 4 ( Figure 1 ). Thus, it is not surprising that 42 growth rates are often poor estimators of relative fitness 5, 6 . 43 where ; = (0) is the initial population density. For a derivation of eq. 2 from eq.
We estimated the growth model parameters by fitting the model (eq. 2) to the 121 monoculture growth curve data of each strain. The best fit is shown in Figure 2D -F 122 (see Table S1 for the estimated growth parameters). From this model fit we also 123 estimate the maximum specific growth rate max
, the minimal specific 124 doubling time, and the lag duration (Table 1 ). The strains differ in their growth 125 parameters; for example, in experiment A (Figure 2A,D) , the red strain grows 40% 126 faster than the green strain, has 23% higher maximum density, and a 60% shorter lag 127 
Competition model

148
To model growth in a mixed culture, we assume that interactions between the 149 strains are solely due to resource competition. We derived a new two-strain Lotka-150 Volterra competition model 12 based on resource consumption (see Supporting text 2): 151
[3b]
U is the density of strain = 1,2 and U , U , U , U , ;,U , and U are the values of the 152 corresponding parameters for strain obtained from fitting the monoculture growth 153 curve data. U are competition coefficients, the ratios between inter-and intra-strain 154 competitive effects. 155
This competition model explicitly assumes that interactions between the strains are8 deceleration of the growth rate of each strain in response to growth of the other strain. 158
Of note, each strain can have a different limiting resource and resource efficiency, 159 based on the maximum densities U and competition coefficients U determined for 160 each strain. 161
Eq. 3 is fitted to the growth curve of a mixed culture that includes both strains, in 162 which the combined OD of the strains is recorded over time (but not the frequency or 163 density of each individual strain). This fit is performed by minimizing the squared 164 differences between = + R (eq. 3) and the observed OD from the mixed culture and 165 yields estimates for the competition coefficients U ( Figure 3A-C) . 166
Using the estimated parameters, eq. 3 is solved by numerical integration, providing 167 a joint prediction for the densities = ( ) and R . From the predicted densities, the 168 frequencies of each strain over time can be inferred: U = 
Discussion
214
We developed Curveball, a new computational approach to predict relative growth 215 in a mixed culture from growth curves of mono-and mixed cultures, without 216 measuring frequencies of single isolates within the mixed culture. We tested and 217 validated this new approach, which performed far better than the model commonly 218 used in the literature. Curveball only assumes that the assayed strains grow in 219 accordance with the growth and competition models: namely, that growth only 220 depends on resource availability. Therefore, this approach can be applied to data from 221 a variety of organisms, experiments, and conditions. 222 population density as a proxy for fitness. However, the growth rate and other proxies 232 for fitness based on a single growth parameter cannot capture the full scope of effects 233 that contribute to differences in overall fitness 15 . 234
In contrast, Curveball integrates several growth phases into the fitness estimation, 235 allowing a more holistic approach to fitness inference from growth curve data and 236 providing information on the specific growth traits that contribute to differences in 237 fitness. We hope that Curveball will improve and ideally standardize the way fitness 238 is estimated from growth curves, thereby improving communication between 239 empirical and theoretical evolutionary biologists and ecologists. 240 Biochemie, C0113). Green or red fluorescence of each strain was confirmed by 257 fluorescence microscopy (Nikon Eclipe Ti, Figure S1 ). 258
Growth and competition experiments. All experiments were performed at 30°C. 259
Strains were inoculated into 3 ml LB+Cap+Kan and grown overnight with shaking. 260 Saturated overnight cultures were diluted into fresh media so that the initial OD was12 avoided a lag phase, cultures were pre-grown until the exponential growth phase was 263 reached as determined by OD measurements (usually 4-6 h). Cells were then 264 inoculated into 100 µL LB+Cap+Kan in a 96-well flat-bottom microplate (Costar): 265
• 32 wells contained a monoculture of the GFP-labeled strain 266
• 30 wells contained a monoculture of the RFP-labeled strain 267
• 32 wells containing a mixed culture of both GFP-and RFP-labeled strains 268
• 2 wells contained only growth medium 269
The cultures were grown in an automatic microplate reader (Tecan infinite F200 270 Pro), shaking at 886.9 RPM, until they reached stationary phase. OD 595 readings were 271 taken every 15 minutes with continuous shaking between readings. 272 Samples were collected from the incubated microplate at the beginning of the 273 experiment and once an hour for 6-8 hours: 1-10 µL were removed from 4 wells 274 (different wells for each sample), and diluted into cold PBS buffer (DPBS with 275 calcium and magnesium; Biological Industries, 02-020-1). These samples were 276
analyzed with a fluorescent cell sorter (Miltenyi Biotec MACSQuant VYB) with GFP 277 detected using the 488nm/520(50)nm FITC laser and RFP detected with the 278 561nm/615(20)nm dsRed laser. Samples were diluted further to eliminate "double" 279 event (events detected as both "green" and "red" due to high cell density) and noise in 280 the cell sorter 8 . 281
Fluorescent cell sorter output data was analyzed using R 17 with the flowPeaks 282 package that implements an unsupervised flow cytometry clustering algorithm 18 Model fitting. To fit the growth and competition models to the growth curve data 290 we use the leastsq non-linear curve fitting procedure 20, 24 . We then calculate the 291 Bayesian Information Criteria (BIC) of several nested models, defined by fixing some 292 of the parameters (see Supporting text 1, Figure S2 , and Table S1 ). BIC is given by: 293 
Supporting material
411
Supporting text 1: Monoculture model
412
We derive our growth models from a resource consumption perspective 30, 31 . We 413 denote by , the density of a limiting resource and by the density of the population 414 cells, both in total mass per unit of volume. 415
We assume that the culture is well-mixed and homogeneous and that the resource 416 is depleted by the growing population without being replenished. Therefore, the intake 417 of resources occurs when cells meet resource via a mass action law with resource 418 intake rate ℎ. Once inside the cell, resources are converted to cell mass at a rate . 419
Cell growth is assumed to be proportional to ⋅ , whereas resource intake is 420
proportional to a power of cell density, ⋅ -. We denote ∶= -. 421
We can describe this process with differential equations for and : 422 [A2a]
[A2b] with = . 428
To solve this system, we use a conservation law approach by setting = + 429 32 . We find that M is constant: 430 . 448 Therefore, integrating eq. A5 produces eq. 2 in the main text. 449
The term 1 − -is used to describe the deceleration in the growth of the 450 form has both rate parameters set to the same value ( = ), which was suggested to 461 make the fitting procedure more stable 34, 35 . [B2b]
We get a similar result if each strain is limited by a different resource that both 479 strains consume: 480
[B3d]
Here, we notice first that Table S1 . Growth models. The table lists the growth models used for fitting growth curve data. All models 503 are defined by eqs. 1 and 2, by fixing specific parameters. is the initial population density; is the maximum 504 population density; is the specific growth rate in low density; is the surface to mass ratio; is the initial 505 physiological state; is the physiological adjustment rate. Note that when = , the value of is irrelevant.
506
See also the hierarchy diagram in Figure S2 and a detailed discussion 
